Abstract. Resistance to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis has been reported in various cancer cells. Cordycepin, a specific polyadenylation inhibitor, is the main functional component in Cordyceps militaris, which possesses many pharmacological activities including antitumor and anti-inflammation. In the present study, we demonstrated that treatment of cordycepin sensitized TRAIL-resistant Hep3B human hepatocellular carcinoma cells to TRAIL-mediated apoptosis as evidenced by formation of apoptotic bodies, chromatin condensation and accumulation of cells in the sub-G1 phase. The induction of apoptosis following co-treatment with cordycepin and TRAIL in Hep3B cells appeared to be correlated with modulation of Bcl-2 family protein expression and activation of the caspase cascade, which resulted in the cleavage of poly(ADP-ribose) polymerase and β-catenin. In addition, cordycepin treatment also inhibited activation of c-Jun N-terminal kinase (JNK).
Introduction
Selective and specific induction of apoptotic cell death in cancer cells has been increasingly recognized as a promising therapeutic approach for the treatment of many types of cancers. The tumor necrosis factor (TNF)-related apoptosisinducing ligand (TRAIL), a member of the TNF ligand superfamily, is considered as a promising anticancer agent in cancer therapy due to its ability to induce apoptosis in a variety of tumor cell types while having no significant sideeffects on normal cells (1, 2) . Therefore, the discovery of agents that induce TRAIL and promote TRAIL-mediated apoptotic cell death has received considerable attention. TRAIL induces apoptosis in cancer cells via the death receptor pathway using a mechanism similar to that of TNF (2) (3) (4) . Although many cancer cells express functional TRAIL receptors, such as death receptor 4 (DR4) and DR5, resistance to TRAIL is common due to a decreased level or mutation in DR4 and DR5 or the loss of distal signaling cascades (4) (5) (6) . For these reasons, TRAIL is not recommended for use as a single agent; therefore, chemotherapeutic agents that can sensitize cells to TRAIL-mediated apoptosis are urgently needed.
The polyadenylation inhibitor cordycepin (3'-deoxyadenosine) is an active component of the caterpillar fungus Cordyceps militaris. Due to the absence of oxygen in the 3' position of its ribose moiety, incorporation of cordycepin
Cordycepin increases sensitivity of Hep3B human hepatocellular carcinoma cells to TRAIL-mediated apoptosis by inactivating the JNK signaling pathway
during RNA synthesis results in termination of chain elongation (7, 8) . This activity has been well described in vitro with purified RNA polymerases and poly(A) polymerases from a number of organisms, including yeasts and mammals (9, 10) . Cordycepin has anticancer activities including induction of apoptosis, DNA double-strand break activity, and cell cycle arrest in cancer cells (11) (12) (13) (14) (15) . This compound also inhibits metastasis and angiogenesis (16) (17) (18) (19) . Despite these observations, the molecular mechanisms underlying the anticancer effects of cordycepin on TRAIL-mediated apoptosis have not been fully elucidated.
In the present study, we investigated the mechanisms involved in cordycepin-induced apoptosis in TRAIL-resistant Hep3B human hepatocellular carcinoma cells. Our results indicate that a combined treatment with subtoxic concentrations of cordycepin and TRAIL dramatically induced Hep3B cell death through activation of caspase and loss of mitochondrial membrane potential (MMP) via inhibition of c-Jun N-terminal kinase (JNK) signaling. Therefore, a combined treatment with cordycepin and TRAIL may synergistically stimulate and accelerate the JNK-mediated apoptotic signaling pathway.
Materials and methods
Regents and antibodies. Cordycepin (MW, 251.2; product no. C3394) from C. militaris, 4',6-diamidino-2-phenylindole (DAPI), N-acetyl-L-cysteine, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 5,5',6,6'-tetrachloro-1,1',3,3' tetraethylbenzimidazolylcarbocyanine iodide (JC-1) and propidium iodide (PI) were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Caspase activity assay kits were obtained from R&D Systems (Minneapolis, MN, USA). An enhanced chemiluminescence (ECL) kit and RNeasy kit were purchased from Amersham Corp. (Arlington Heights, IL, USA) and Qiagen (La Jolla, CA, USA), respectively. RPMI-1640 medium and fetal bovine serum (FBS) were purchased from Invitrogen Life Technologies (Carlsbad, CA, USA) and Gibco-BRL (Gaithersburg, MD, USA), respectively. All other chemicals were purchased from Sigma-Aldrich. Antibodies against cI A P-1, cI A P-2, X I A P, Bcl-2, Bcl-x L, Ba x, Bid, poly(ADP-ribose) polymerase (PARP), β-catenin, capase-3, -8 and -9 were purchased form Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Antibodies against extracellular signal-regulated kinase (ERK), phospho (p)-ERK, p38 mitogen-activated protein kinase (MAPK), p-p38 MAPK, JNK, p-JNK, Akt and p-Akt were purchased from BD Biosciences (San Jose, CA, USA). Antibody against actin was from Sigma-Aldrich. Peroxidase-labeled donkey anti-rabbit and sheep anti-mouse immunoglobulin were purchased from Amersham Corp.
Cell culture and MTT assay. Hep3B human hepatocellular carcinoma cells were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured at 37˚C in a 5% CO 2 humidified incubator, and maintained in RPMI-1640 culture medium containing 10% heat-inactivated FBS. For the cell viability assay, cells were grown to 70% confluence and treated with the indicated concentrations of cordycepin, TRAIL, or a combined treatment (cordycepin plus TRAIL). After treatment, MTT working solution was added to 6-well culture plates and incubated continuously at 37˚C for 2 h. The culture supernatant was removed from the wells, and DMSO was added to dissolve the formazan crystals. The absorbance of each well was measured at 540 nm with an enzyme-linked immunosorbent assay (ELISA) reader (Molecular Devices, Sunnyvale, CA, USA).
Nuclear staining. After treatment with cordycepin and TRAIL alone or together for the indicated times, the cells were harvested, washed with phosphate-buffered saline (PBS) and fixed with 3.7% paraformaldehyde in PBS for 10 min at room temperature. Fixed cells were washed with PBS, and stained with 2.5 µg/ml DAPI solution for 10 min at room temperature. The cells were washed 2 more times with PBS and analyzed via a fluorescence microscope (Carl Zeiss, Oberkochen, Germany).
Flow cytometric analysis for assessment of the sub-G1 phase population. The cells were washed twice with cold PBS and then centrifuged. The resulting pellet was fixed in 75% (v/v) ethanol for 1 h at 4˚C. The cells were washed once with PBS and resuspended in cold PI solution (50 µg/ml) containing RNase A (0.1 mg/ml) in PBS for 30 min in the dark. Flow cytometric analyses were performed using FACSCalibur (Becton-Dickinson, San Jose, CA, USA). Forward light scatter characteristics were used to exclude cell debris from the analysis. The sub-G1 population was calculated to estimate the apoptotic cell population.
Determination of caspase activity. Caspase activities were determined by colorimetric assays using caspase-3, -8 and -9 activation kits according to the manufacturer's protocol. The kits utilize synthetic tetrapeptides labeled with p-nitroaniline. Briefly, the cells were lysed in the supplied lysis buffer. The supernatants were collected and incubated with the supplied reaction buffer containing dithiothreitol (DTT) and substrates at 37˚C. Caspase activity was determined by measuring changes in absorbance at 405 nm using an ELISA reader.
RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was prepared using an RNeasy kit and primed with random hexamers to synthesize complementary DNA using AMV reverse transcriptase (Amersham Corp.) according to the manufacturer's instructions. PCR was carried out in a Mastercycler (Eppendorf, Hamburg, Germany) with the indicated primers. Conditions for the PCR reactions were, 1x (94˚C for 3 min); 35x (94˚C for 45 sec, 58˚C for 45 sec and 72˚C for 1 min); and 1x (72˚C for 10 min). Amplification products obtained by PCR were electrophoretically separated on 1% agarose gels and visualized by ethidium bromide staining.
Protein extraction and western blotting. The cells were harvested and lysed with lysis buffer (20 mM sucrose, 1 mM EDTA, 20 µM Tris-Cl, pH 7.2, 1 mM DTT, 10 mM KCl, 1.5 mM MgCl 2 , and 5 µg/ml aprotinin) for 30 min. Protein concentration was measured using a Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's instructions. For western blot analysis, an equal amount of protein was subjected to electrophoresis on SDS-polyacrylamide gels and was transferred by electroblotting to a nitrocellulose membrane (Schleicher & Schuell, Keene, NH, USA). The blots were probed with the desired antibodies for 1 h, incubated with the diluted enzyme-linked secondary antibody, and visualized with an ECL solution according to the recommended procedure.
Measurement of MMP (ΔΨ m ).
The MMP of intact cells was measured by DNA flow cytometry with the lipophilic cation JC-1. JC-1 is a rationmetric, dual-emission fluorescent dye that is internalized and concentrated by respiring mitochondria and reflects changes in MMP in living cells. There are two excitation wavelengths. At low values of MMP, JC-1 remains a monomer (FL-1, green fluorescence; 527 nm) whereas it forms aggregates at high MMP (FL-2, red fluorescence; 590 nm) according to the recommended procedure (20) . Cells were trypsinized, the cell pellets were resuspended in PBS, and incubated with 10 µM JC-1 for 30 min at 37˚C. The cells were subsequently washed once with cold PBS, suspended and analyzed by flow cytometry.
Statistical analysis. All data are presented as means ± standard deviation. Significant differences among the groups were determined using the unpaired Student's t-test. A p-value <0.05 was considered to indicate a statistically significant result. All values were obtained from at least 2 or 3 independent experiments.
Results

Induction of apoptosis by co-treatment with cordycepin and TRAIL in Hep3B cells.
We first assessed whether cordycepin sensitizes Hep3B cells to TRAIL-mediated apoptosis. Treatment with 50 ng/ml TRAIL resulted in negligible growth inhibition of Hep3B cells at 24 h (Fig. 1A) , suggesting that this cell type is resistant to TRAIL-induced apoptosis. We next examined the cytotoxic effects of cordycepin alone or in combination with TRAIL in Hep3B cells. The concentrations (1-10 µg/ml) of cordycepin alone used in this study did not significantly induce morphological changes or inhibit growth. However, cell viability was significantly inhibited by the co-treatment with cordycepin and TRAIL (Fig. 1A) indicating that the combination of cordycepin and TRAIL substantially induces cell death. To investigate whether decreased cell viability by the combined treatment was due to apoptotic signaling, morphological changes and sub-G1 phase populations of Hep3B cells were determined using DAPI staining and flow cytometric analysis, respectively. As shown in Fig. 1B and C, a significant number of cells co-treated with cordycepin and TRAIL were observed with apoptotic shrinkage, chromatin condensation, loss of nuclear construction and formation of apoptotic bodies, whereas these features were not observed in control cells or cells treated with cordycepin or TRAIL alone. Additionally, treatment of Hep3B cells with a combination of cordycepin and TRAIL significantly increased the accumulation of sub-G1 phase cells, whereas treatment with cordycepin or TRAIL alone did not (Fig. 1D) . These results showed that the combined treatment of cordycepin and TRAIL sensitized TRAIL-resistant Hep3B cells to apoptosis.
Effects of cordycepin and TRAIL co-treatment on the expression of Bcl-2 and IAP family members and MMP values.
Mitochondria appear to play a central role in apoptosis. Thus, they have been a major focus of recent studies. The early events that occur during apoptotic cell death are mitochondrial depolarization and loss of pro-apoptotic factors from the mitochondrial inter-membrane space (21, 22) . As shown in Fig. 2A , treatment of cells with cordycepin or TRAIL alone induced a slight loss of MMP in Hep3B cells; however, combined treatment with cordycepin and TRAIL caused a significant concentration-dependent induction of MMP loss. In particular, the anti-apoptotic Bcl-2 family molecules such as Bcl-2 and Bcl-xL, and IAP family members protect some tumor cell lines from TRAIL-induced apoptosis (22) (23) (24) ; therefore, we investigated the expression levels of members belonging to the Bcl-2 and IAP family. As shown in Fig. 2B and C, the mRNA and protein levels of anti-apoptotic Bcl-2, Bcl-xL, cIAP-1, cIAP-2 and XIAP were reduced in response to treatment with cordycepin plus TRAIL, whereas the levels of pro-apoptotic Bax increased markedly. Collectively, these results indicate that downregulation of Bcl-2 and Bcl-xL, and IAP family member expression and increased loss of MMP are associated with cordycepin-mediated sensitization of Hep3B cells to TRAIL-mediated apoptosis.
Effects of co-treatment with cordycepin and TRAIL on caspase activation.
Caspases act as important mediators of apoptosis and contribute to the overall apoptotic morphology by cleaving various cellular substrates (24, 25) . Therefore, we next examined whether caspases were actually activated during cordycepin plus TRAIL-induced cell death in Hep3B cells. As shown in Fig. 3A , western blot analysis revealed that treatment with 5 or 10 µg/ml cordycepin and 50 ng/ml TRAIL alone for 24 h did not significantly decrease proteolytic processing of caspase-3, -8 and -9; however, combined treatment with cordycepin and TRAIL significantly decreased their levels. Furthermore, we found that cleavage of key death substrates indicates activation of effector caspases such as PARP and β-catenin (activated-caspase-3 substrates) (26,27). As a result, combined treatment with cordycepin and TRAIL significantly induced cleavage of PARP and β-catenin in Hep3B cells, whereas treatment with cordycepin or TRAIL alone did not. Additionally, cell lysates containing equal amounts of total protein from cells were assayed to assess in vitro caspase activity. As shown in Fig. 3B , a combined treatment with The cells were stained with JC-1 and then incubated at 37˚C for 20 min, after which mean JC-1 fluorescence intensity was detected using a flow cytometer. Data are expressed as the means ± standard deviation of 2 independent experiments. (B) Total RNA was isolated using an RNeasy kit, and RT-PCR was performed using the indicated primers. The amplified PCR products were run on 1% agarose gels and visualized with EtBr staining. GAPDH was used as the housekeeping control gene. (C) The cells were lysed and equal amounts of cell lysates were separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The membranes were probed with the indicated antibodies. An ECL detection system was used to visualize the proteins. Actin was used as the internal control.
cordycepin and TRAIL significantly increased caspase-3, -8, and -9 activities in Hep3B cells. These results indicate that co-treatment induces apoptotic death in Hep3B cells, at least in part, through a caspase-dependent pathway.
Effects of mitogen-activated protein kinases (MAPKs) on cordycepin plus TRAIL-induced apoptosis.
Recent studies have revealed that phosphoinositide 3-kinase (PI3K)/Akt and the MAPK signaling pathways are important regulators during apoptotic cell regulation as a TRAIL sensitizing signal pathway (28, 29) . To investigate the roles of Akt and MAPKs in mediating the observed apoptotic response, western blot analysis was used to assess the change in Akt, JNK, ERK, and p38 MAPK phosphorylation. As shown in Fig. 4 , treatment with cordycepin decreased only JNK phosphorylation, whereas phosphorylation levels of other kinases, such as Akt, p38 and ERK, did not change. The results also indicate that cordycepin exerted a concentration-dependent effect on JNK dephosphorylation with a fixed concentration of TRAIL. Thus, Hep3B cells were incubated with cordycepin and TRAIL in the presence of SP600125, a well-known JNK inhibitor, to investigate the functional roles of these dephosphorylation events. As shown in Fig. 5A -C, pretreatment with SP600125 markedly increased the morphological changes and condensed chromatin in the nuclei, and the number of cells with sub-G1 DNA content. Consistent with the increase in sub-G1 DNA content, pretreatment with SP600125 significantly increased the growth inhibition induced by the combined treatment (Fig. 5D) . These results indicate that the combined treatment with cordycepin and TRAIL triggered the inhibition of JNK activation; therefore, we verified the inhibition of JNK signaling responsible for the TRAIL-sensitizing effect of cordycepin on apoptosis in Hep3B cells. As a result, SP600125 enhanced upregulation of pro-apoptotic protein Bax levels and downregulation of anti-apoptotic Bcl-2, Bcl-xL and IAP family protein levels in TRAIL and cordycepin-treated Hep3B cells (Fig. 6A) . Moreover, SP600125 enhanced caspase activities, as well as PARP and β-catenin cleavage under the same experimental conditions. Taken together, these findings suggest that the JNK signaling pathway acts as a key regulator of apoptosis in response to the combined cordycepin and TRAIL treatment in Hep3B cells. were pretreated with the indicated concentrations of cordycepin (50 µM) for 30 min, and subsequently incubated with TRAIL (50 ng/ml) for 24 h. Cells were lysed and then equal amounts of cell lysates were separated on SDS-polyacrylamide gels and transferred to nitrocellulose membranes. The membranes were probed with the indicated antibodies. An ECL detection system was used to visualize the proteins. Actin was used as the internal control. (B) Cells grown under the same conditions as A were collected and lysed. Aliquots were incubated with DEVD-pNA, IETD-pNA and LEHD-pNA as substrates for caspase-3, -8 and -9, respectively, at 37˚C for 1 h, and the released fluorescence products were measured. The statistical significance was obtained from three independent experiments using the Student's t-test ( * p<0.05 vs. untreated control; # p<0.05 vs. TRAIL-treated cells).
Discussion
TRAIL is a member of the TNF superfamily and is able to trigger programmed cell death. When cells receive the cell death signal, TRAIL binds its receptors, such as DR4 and DR5, which are located at the cell surface, and form a deathinducing signaling complex (DISC) that triggers activation of the caspase cascade (1,2). As results, TRAIL initiates Figure 6 . Effects of a JNK inhibitor on modulation of apoptosis-related proteins and caspase activity following co-treatment of Hep3B cells with cordycepin and TRAIL. Cells were pretreated with 10 µM SP600125 for 1 h before combined treatment with cordycepin and TRAIL for 24 h. (A and B) Equal amounts of cell lysates were resolved by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes and probed with the indicated antibodies. Actin was used as the internal control. (C) Caspase-3, -8 and -9 activity was determined using caspase assay kits according to the manufacturer's protocol. Data are expressed as means ± standard deviation of 3 independent experiments. Significant differences were determined using the Student's t-test ( * p<0.05 vs. untreated control; # p<0.05 vs. cordycepin plus TRAIL). the extrinsic cell death pathway through formation of DISC and activation of caspases (2, 30, 31) . In addition, TRAIL is relatively non-toxic to normal cells, but it can selectively induce apoptotic cell death in many types of transformed or malignant cells. Thus, TRAIL is a major mediator of acquired immune tumor surveillance and is currently being tested in clinical trials as a novel cancer therapy. However, recent reports have demonstrated that many cancer cells, including the hepatocellular carcinoma Hep3B cell line (3, 11) , develops resistance to the apoptotic effects of TRAIL. In this study, we assessed the sensitizing effects of cordycepin on TRAIL-induced apoptosis in TRAIL-resistant hepatocellular carcinoma Hep3B cells.
The process of apoptosis is controlled by a wide range of cellular signals, which can be divided into extrinsic and intrinsic pathways. Apoptosis requires caspase activity, and caspases become active when cleaved. Adaptor proteins facilitate the auto-cleavage of initiator caspases (e.g., caspase-8 and -9), initiator caspases cleave effector caspases (e.g., caspase-3 and -7), and effector caspases disrupt the cell function to elicit cell death (21, 22) . Two events signal adaptor-mediated caspase cleavage: the binding of ligands to death receptors (the death receptor pathway), and the release of apoptotic factors such as cytochrome c from mitochondria (the mitochondrial pathway). Death receptors activate caspase-8, whereas cytochrome c activates caspase-9. Caspase-3 is common to both pathways. Many proteins modulate apoptotic signaling when apoptosis occurs, including the Bcl-2 and IAP family proteins (22) (23) (24) . The Bcl-2 proteins such as multidomain apoptotic (Bax and Bak), single domain apoptotic (termed BH3-only), and anti-apoptotic (Bcl-2 and Bcl-xL) proteins damage or protect mitochondria (32, 33) . In contrast, IAPs inactivate cleaved caspases; thus, they impede the apoptotic process once it has begun. Caspases targeted by IAPs include caspase-9 and -3 but not caspase-8 (24, 25) . Our results showed that treatment with TRAIL in combination with nontoxic concentrations of cordycepin sensitized TRAIL-resistant Hep3B cells to TRAIL-mediated apoptosis. Stimulation by cordycepin and TRAIL increased chromatin condensation and the sub-G1 phase DNA content (Fig. 1) . This apoptosis was associated with downregulation of the IAP family members, such as cIAP-1, -2 and XIAP, and antiapoptotic Bcl-2 and Bcl-xL, and upregulation of pro-apoptotic Bax (Fig. 2) . We also demonstrated that treatment with TRAIL and cordycepin facilitated activation of caspase-3, -8 and -9, and concomitant degradation of PARP and β-catenin (Fig. 3) . These data suggest that apoptosis induced by co-treatment with cordycepin and TRAIL was caspase-dependent.
The PI3K/Akt and MAPK signaling pathways have been associated with cellular functions as well as TRIAL-mediatedapoptosis (28, 34) . In general, many reports have described the crucial function of the PI3K/Akt signaling pathway in survival of cancer cells, and inhibition of the PI3K/Akt pathway sensitizes cancer cells to TRAIL-mediated caspase-dependent apoptosis (29, 30) . Among MAPKs, the JNK and p38 MAPK pathways are frequently associated with induction of apoptosis through caspase activation, whereas the ERK pathway is thought to deliver survival signals that protect cells from TRAIL-mediated apoptosis (35) (36) (37) . However, increasing evidence indicates that under certain conditions, JNK and p38 MAPK may induce anti-apoptotic, proliferative and cell survival signals in response to a specific stimulus, and ERK activation also results in TRAIL-mediated apoptosis in certain cell types (38) (39) (40) (41) . However the molecular mechanisms that link TRAIL-mediated apoptosis to kinase activation are still not completely understood. Our results showed that treatment with TRAIL and cordycepin selectively inhibited phosphorylation of JNK (Fig. 4) and the JNK inhibitor SP600125 inhibited cell viability more than co-treatment with cordycepin and TRAIL and increased the sub-G1 population (Fig. 5) . Additionally, SP600125 enhanced modulation of the Bcl-2 family, inhibition of the IAP family, and activation of caspases in Hep3B cells treated with cordycepin and TRAIL (Fig. 6) . These results strongly suggest that JNK is a key regulator of apoptosis induction by cordycepin and TRAIL in TRAIL-resistant Hep3B cells.
In summary, our results demonstrate that cordycepin significantly enhanced apoptosis in TRAIL-resistance Hep3B cells by inhibiting JNK signaling. Taken together, our results suggest that JNK acts as a key regulator of apoptosis in response to combined cordycepin and TRAIL in human hepatocellular carcinoma Hep3B cells. These findings provide novel insight into the clinical application of TRAIL-induced apoptosis in Hep3B cells.
